Introduction
The surge in abuse of psychoactive designer drugs has become a social problem; considerable attention has been focused on two major classes of derivatives, synthetic cathinones and synthetic cannabinoids. [1] [2] [3] The former are chemicals that are reported to stimulate the central nervous system with amphetamine-like psychoactive effects. [4] [5] [6] They form a large family of compounds produced by substitutions at three locations of the parent molecule cathinone.
mass spectrometry (LC-MS-MS).
A recent study reported the effectiveness of GC-MS-MS in discriminating regioisomers of aromatic ring-substituted fluorophenethylamines and fluorocathinones. 10, 11 They combined EI-MS-MS and chemical ionization (CI)-MS-MS, which allowed for regioisomeric differentiation.
However, their procedure is limited to fluorocathinones, and is not available for alkyl substituted cathinones. On the contrary, the use of the PDA detector is also conventional, and could aid in the differentiation of substitution patterns on aromatic rings and particular aromatic frame skeletons. The classic examples are naturally occurring polyphenols containing flavonoid skeletons, the substitution patterns of which have been elucidated based on the patterns of wavelengths of maximum absorption (λmax) in the UV spectra. 19, 20 This article reports our attempts to differentiate N-alkylated cathinones and regioisomers based on their alkylated aromatic rings using a combination of product ion spectrometry by GC-EI-MS-MS and UV spectra obtained by LC-PDA analysis. This procedure was successfully applied to a series of N-alkylated cathinones with alkyl substituent(s) on the aromatic ring.
Experimental

Reagents and chemicals
Authentic synthetic cathinones as hydrochlorides, 2-ethylmethcathinone (1), 3-ethylmethcathinone (2), 4-ethylmethcathinone (3), 2,3-dimethylmethcathinone (4), 2,4-dimethylmethcathinone (5), 3,4-dimethylmethcathinone (6), 4-methylbuphedrone (7), 4-methylethcathinone (8) , N,Ndimethylcathinone (9), pentedrone (10) , N-ethylbuphedrone (11), 4-methyl-N-methylbuphedrone (12) , N-ethylmethcathinone (13), α-ethylaminopentiophenone (14) , and α-dimethylaminopentiophenone (15), were purchased from Cayman Chemical Co. (Ann Arbor, MI USA). Standard stock solutions of these compounds were prepared at 1 mg/mL (in methanol) and stored at -20 C until analysis. These solutions were diluted in methanol to 10 μg/mL working solutions prior to instrumental analysis. All other common chemicals and solvents were of analytical reagent grade or LC-MS grade. The unknown herbaltype product containing mixed dried plants was purchased from a shop in Gifu, Japan, in July 2012.
Preparation of sample solution
The herbal-type product (30 mg) was crushed to a powder and extracted with 3 mL of methanol under ultrasonication for 10 min. After centrifugation (5 min, 3000 rpm), the supernatant solution was passed through a membrane filter (Millex-LH 0.45 μm filter unit; Merck Millipore, Germany). Moreover, if necessary, the solution was diluted with methanol to a suitable concentration before instrumental analysis.
Analytical methods
GC-MS analysis was performed using a TRACE 1310GC and ISQ LT (Thermo Fisher Scientific, MA, USA). Samples were separated with a DB-5MS capillary column (30 m × 0.25 mm i.d.; 0.25 μm film thickness; Agilent Technologies, Santa Clara, CA, USA) with helium as the carrier gas at a constant flow rate of 1.1 mL/min. The oven temperature was programmed as follows: held at 80 C for 1 min; ramp linearly at 10 C/min to 300 C; and held at 300 C for 10 min. The injector temperature was set at 250 C, and the injection volume was 1 μL (splitless mode). The GC interface and ion-source temperature were maintained at 280 and 250 C, respectively. Ionization was performed in the electron ionization mode at 70 eV. A mass spectral library search was conducted using the Searchable Mass Spectral Library Ver. 2.2 downloaded from the SWGDRUG home page.
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GC-MS-MS was performed using an Agilent 7890A/7000 GC-MS Triple Quad triple quadrupole mass spectrometer equipped with an Agilent 7693 autosampler (Agilent Technologies). The instrument was controlled using an Agilent Mass Hunter Acquisition module (Ver. B.04.00). Samples were introduced via a DB-5MS+DG capillary column (30 m × 0.25 mm i.d.; 0.25 μm film thickness with 10 m DuraGuard; Agilent Technologies). The analytical conditions were the same as those in GC-MS analysis, except for the following conditions: collision gas, N2 (1.5 mL/min); product ion scan mode using m/z 72, 86, 100, and 133 as precursor ions. Product ion spectra were obtained by varying the collision energy (CE) from 5 to 35 V in units of 10 V. LC-PDA analysis was performed on an Agilent Technologies liquid chromatograph (1100 series) composed of a quaternary pump (G1311A), a thermostat (G1330A), a column compartment (G1316A), and an autosampler (G1329A) coupled to a PDA detector. LC-MS analysis was performed on an Agilent 1100 Series LC/MSD equipped electron ion spray and an Atlantis T3 column (2.1 i.d. × 150 mm; particle size, 5.0 μm; Waters). The mobile phase and the column temperature were the same as those in LC-PDA. The flow rate and the injection volume were 0.2 mL/min and 2 μL, respectively. Table 1 gives the structures of the synthetic cathinones examined in this study (1 -15) , which are tabulated by the amino group substituents (R1a and R1b), propanone termini (R2), and phenyl rings (R3 and R4). The fragment ions observed in the EI-mass spectra, iminium ion as the base peak, and acylium ion are also presented in Table 1 . As previously reported, 7, 10, 11, 13 the main fragmentation occurs by dissociation of the C-C bond between the α and β carbon atoms under EI conditions. A key feature of the mass spectral fragmentation of cathinones is the α-cleavage process, which results in the formation of the iminium ion (Fig. S1 , Supporting Information). Domination of the iminium ion in the EI-mass spectrum is also acceptable owing to preferable dissociation of the Cα-Cβ bond, whereas the peak for the molecular ion is hardly observed, and the other fragment peaks are small. The synthetic cathinones substituted with either H, CH3, or C2H5 at the R1a and R1b positions, and n-alkyl containing C1-C7 at the position of R2 are scheduled drugs in Japan. Iminium ions formed from these cathinones are represented by CnH2n+2N + , resulting in a base peak of m/z 44, 58, 72, 86, 100, 114, and 128, depending on the number of carbon atoms contained in the iminium ion. Four types of iminium ions C5H12N + (10a -13a) with m/z 86 are shown in Fig. 1 , which are formed from pentedrone (10) , N-ethylbuphedrone (11), 4-methyl-N-dimethylbuphedrone (12) , and N-ethylmethcathinone (13) . Iminium ions 10a -13a are the same in composition but differ in structure. The base peak mass of cathinone is useful for estimating the number of carbon atoms present in the iminium ion, contributing to obtaining partial information on the cathinone.
Results and Discussion
EI-mass spectra of synthetic cathinones
However, the secondary and tertiary fragmentations of the iminium ion are required for the differentiation and identification of the chemical structures.
The formation of the acylium ion is another typical reaction observed in cathinones under EI conditions. This reaction involves dissociation of the Cα-Cβ bond and elimination of the alkyl group at the same location as for the formation of the iminium ion. A subsequent loss of carbon monoxide from an acylium ion results in the phenyl cation, as indicated in Fig. S1 (Supporting Information).
The phenyl cation (m/z 77), methylphenyl cation (m/z 91), and dimethylphenyl cation (m/z 105) are typical examples of fragment ions produced by the subsequent loss of the corresponding acylium ions at m/z 105, 119, and 133 (Table 1) . These mass spectroscopic patterns are useful for interpreting the elemental composition, but do not differentiate between regioisomers with different substitution patterns on the aromatic ring. Thus, an alternative approach for the differentiation of such regioisomers (1 -3 and 4 -6) is required.
Structurally isomeric differentiation of iminium ion by GC-EI-MS-MS
On the basis of fragmentation information under the EI conditions, the iminium ions were selected as precursor ions for the differentiation of structural isomers by GC-MS-MS. The product ion spectra from the iminium ions (10a -13a) of cathinones 10 -13 at CEs of 5, 15, 25, and 35 V are shown in Fig. 2 . The product ions at m/z 58, 56, 44, 42, and 41 in addition to the precursor ions at m/z 86 were commonly observed for 10a -13a, while ions were observed at m/z 71 for 13a and m/z 57 for 10a and 12a. All of the fragments from 10a -13a showed different relative intensities under different CE conditions. The spectral profiles of the regioisomeric iminium ions showed that the relative intensities of the product ions varied at constant CE. These results suggested that the iminium ion could be discriminated using GC-MS-MS based on the relative-intensity difference of the product ions at a particular CE. Previous reports have also shown that the product ion spectra of the iminium ions yield structural information for their identification. 22, 23 This result led us to investigate the optimal CE for isomeric differentiation with reproducible mass spectra.
Although more fragment ions could be obtained at CEs of 25 and 35 V to achieve accurate discrimination, some key fragment ions disappeared or appeared with diminished intensity under these conditions, as demonstrated by the product ions at m/z 58 for 11 and m/z 71 for 12. At low CE (5 V), the spectra were simpler, and showed a low relative intensity for key fragments due to the low dissociation of iminium ions and essentially lack in information. Thus, we selected 15 V as the CE for differentiation of the four iminium ions, and the reproducibility of the observed product ions was investigated at this CE. The coefficient of variation (%CV) of the relative intensity of the major product ions was less than 7.3% (Table 2) , confirming the good reproducibility of the product ion spectra.
A comparison of the product ions dissociated at a CE of 15 V indicated that the four iminium ions 10a -13a were very distinguishable from each other based on the differences in their detected ions and fragmentation patterns. The key fragment ions (m/z (rel. int.)) were 57 (33.0) and 44 (100.0) for 10, 58 (79.5) and 41 (100) for 11, 71 (100) and 56 (51.9) for 12, and 58 (100) for 13 ( Fig. 2) , which are explained by the plausible reaction pathways, as follows (Figs. 3a -3d ). The scheme can be reasonably explained by three core mechanisms: the elimination of radical species (A) or neutral molecule (B); dehydrogenation; and C-C bond formation (C). Ethylene (C2H4: M28) is a neutral substance eliminated in the case of iminium ions from 11 and 13 at m/z 86 (C5H12N + ), which leads to the formation of other iminium ion observable at m/z 58 (C3H8N + ) with high intensity (Figs. 3b and 3d) . On the other hand, the iminium ions derived from 10, which contain an N-methylamine moiety, are not favorable for the elimination of an N-alkyl group as a methyl radical is strongly prohibited, resulting in the loss of the other neutral species of propene to produce the ion at m/z 44 (C2H6N + ) (Fig. 3a) . The [Miminium ion-29] + fragment ion at m/z 57 is assumed to be a butyl cation (C4H9 + ) after the loss of the other neutral species -CH3N, which resulted from carbocation formation, followed by C-N bond cleavage. This phenomenon has been observed for 11. The other key fragment ion at m/z 41 (C3H5 + ) for 11 is well explained as follows: the iminium ion 11a follows the same pattern via elimination of the neutral species (C2H5N: M43), followed by removal of two hydrogen atoms from a propyl cation at m/z 43 (C3H7 + ) (Fig. 3b) . In addition, a characteristic ion at m/z 39 for the cyclopropenyl cation (C3H3 + ) was observed as a fragment of 11a, allowing for discrimination of the ethyl group at the R2 position, especially concerning spectra obtained in the conditions of higher CEs (Fig. 2) . We have confirmed the same phenomenon for 12, where the [Miminium ion-43]
+ ion was present with the cyclopropenyl cation as minority fragments at higher values of CE (Fig. 2) . The significant fragment ions for 12 at m/z 71 and 56 can be concisely explained as follows (Fig. 3c) . Although elimination of the methyl radical is prohibited, the presence of the other N-methyl group can stabilize the newly generated iminium ion radical (m/z 71, C4H9N
•+ )), with the highest ion intensity in the spectrum at a CE of 15 V. The other fragment at m/z 56 (C3H6N + ) is assumed to be generated from the key intermediate at m/z 58 (C3H8N + ), which was produced by the elimination of ethylene (C2H4: M28) from the precursor iminium ion (Fig. 3d) . We further conducted GC-EI-MS-MS experiments to differentiate isomeric iminium ions of m/z 72 and 100, which correspond to C4H10N + and C6H14N + , respectively. The precursor ions at m/z 72 from 4-methylbuphedrone (7), 4-methylethcathinone (8) , and N,N-dimethylcathinone (9), as well as those at m/z 100 from α-ethylaminopentiophenone (14) and α-dimethylaminopentiophenone (15), were further dissociated under the same conditions as for 10 -13 (CE of 15 V). The results for 7 -9, 14, and 15 showed clear differences and key fragments (i.e., m/z 57, 44, and 42 for 7 -9 and m/z 71, 58, and 56 for 14 and 15) due to the structural and regioisomerism of the substituents on R1a, R1b, and R2, as also observed for 10 -13 (Fig. S2, Supporting Information) .
These results strongly support the applicability of the proposed GC-EI-MS-MS- assisted procedure for the structural differentiation of iminium ions derived from synthetic cathinones.
Differentiation of aromatic structures by GC-EI-MS-MS and LC-PDA
Acylium ion-focused structural isomeric differentiation was also investigated using the collision-induced dissociation (CID) of ions stemming from synthetic cathinones bearing positional isomerism on the aromatic moiety; the scheduled drugs include a number of such isomers, making their differentiation more difficult, and a concise procedure for their discrimination still needs to be developed. We employed a two-step approach using six synthetic cathinones, 2-ethylmethcathinone (1), 3-ethylmethcathinone (2), 4-ethylmethcathinone (3), 2,3-dimethylmethcathinone (4), 2,4-dimethylmethcathinone (5), and 3,4-dimethylmethcathinone (6), which produce the same fragments due to the acylium ion.
In addition to the precursor ions at m/z 133, common product ions at m/z 105 [Macylium ion-28] + were observed by CID at CE of 5 V for 1 -6 (Fig. 4) . The spectral profiles of the product ions for the isomers with the same substituent(s) on the aromatic ring were similar regardless of positional isomerism [1 -3 and 4 -6], while the relative intensities of the product ions for structural isomers varied, as demonstrated by the approximate ratios of m/z 133 to 105 of 2:1 and 1:1 for 1 -3 and 4 -6, respectively. The results indicated that the structural isomers can be discriminated by GC-MS-MS based on the intensity difference of the product ions originating from the acylium ion. However, it was somewhat difficult to discriminate each isomer (1 -3 and 4 -6) from the other byproduct ion spectra at a CE of 5 V. We next moved on to UV-aided differentiation using LC-PDA. A difference in λmax corresponding to aromatic rings was clearly observed for ethylmethcathinones (λmax: 1, 251 nm; 2, 255 nm; 3, 264 nm) and dimethylmethcathinones (λmax: 4, 254 nm; 5, 263 nm; 6, 267 nm), suggesting the possibility of differentiating these compounds based on their UV spectra (Fig. S3, Supporting  Information) . The combination of acylium ion-focused GC-EI-MS-MS and LC-PDA experiments enabled complete differentiation of 1 -6, and could potentially be used to discriminate the growing number of isomeric cathinones based on their aromatic rings.
Analysis of unknown sample
An unknown herbal-type product was analyzed for screening by GC-MS and LC-MS. Four strong peaks I -IV were observed in the total ion chromatogram (TIC) in GC-MS analysis (Fig. 5a) . The EI-mass spectrum of I exhibited a simple pattern with a base peak at m/z 72 accompanied by a weak fragment peak at m/z 119 (Fig. 5b) , while II -IV showed several intense peaks due to fragment ions (Figs. 5c -5e ). The TIC from LC-MS also showed four peaks V -VIII with retention times of 14.7, 37.2, 38.9, and 43.1 min, due to the protonated quasimolecular ions at m/z 192, 353, 267, and 374, respectively (data not shown). These results suggest that peaks V -VIII on LC correspond to peaks I, IV, III, and II on GC bearing molecular ions at m/z 191, 352, 266, and 373, respectively. Peak I was presumed to be a cathinone derivative of molecular weight 191 generating iminium ion (m/z 72, C4H10N + ) and acylium ion (m/z 119, CH3C6H4CO + ). However, cathinone derivatives showing this profiles are included in at least 12 candidates for scheduled drugs in Japan (e.g., 4-methylethcathinone, 3-methyl buphedrone, 4-methyl-N,Ndimethylcathinone, 2-methyl-α-aminopentiophenone, etc.).
A product ion scan of m/z 72 was performed using GC-MS-MS to aid in the above structural determination. The resulting product ion spectrum at CE of 15 V was identical to that of a cathinone derivative having R1a = H, R1b = CH3, R2 = CH3 (Fig. 6a and Fig. 2S, Supporting Information) . In addition, the UV spectrum of peak V showed a λmax at 264 nm (Fig. 6b) , indicating the presence of a 4-methylphenyl group in the molecule. The assignment was verified by analytical data from an authentic 4-methylbuphedrone (7) . By GC mass spectral library search and authentic standard analysis, peaks II, III, and IV were identified as URB-754, MAM-2201, and AM-2232, respectively.
Thus, GC-MS-MS and LC-PDA analyses are very helpful for the structural characterization of unknown cathinone derivatives in illicit drug products, reducing the shortcomings of GC-MS and LC-MS analyses. Although LC-PDA generally has a low detection sensitivity compared to mass spectrometry, it is sufficiently capable of the detection and characterization of compounds in illicit drug products on the condition that each peak is successfully separated because the concentrations of these compounds in distributed products generally range from several to 100 mg/g, in our experience. 
Conclusions
The similar structures of cathinones are the main problem in their differentiation. 7, 8, [10] [11] [12] [13] [14] The limited number of available reference materials is also a bottleneck when considering the growing number of similar derivatives. The vast variability in new psychoactive substances and similarities in their chemical structures suggest that using multiple analytical procedures for their specific identification is essential. GC-EI-MS is a primary screening tool. The iminium and acylium ions formed, which follow secondary and tertiary fragmentations detailed analyzed by GC-EI-MS-MS, are characteristic of cathinones and reflect their chemical structures. This article demonstrates that various cathinones and forthcoming novel illicit drugs can be differentiated based on a detailed analysis of product ion spectra from the iminium and acylium ions combined with an LC-PDA analysis. This procedure is very effective for reducing the number of likely candidate compounds, especially with limited availability of authentic standards. As such, this procedure may serve as a powerful approach in the isomeric identification of drugs in samples of unknown mixture.
